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THE N.A.C.A., COMBUSTION CHLMBER GAS-3SLAMPLING VALVE

AND SOME PRELIMIN.LRY TEST RESULTS

By J. A. Spanogle and ®. C. Buckley

SUMMARY

A fas-sampling valve of the inertia-operated type has
been designed by the staff of the National Advisory Comnit-
tee for Aeronautics for procuring samples of the gases in
the comtbustion chawuber of internal-combustion engines at
identical points in successive cycles s0 that the analysis
of the gas samples thus procured may aid in uhe study of
the protess of conmbustion. e

The operation of the valve is as follows: A valve can

driven by a flexible shaft compresses a cem 8pFing through
a tappet arm and, upon release, the inertia of the systen
lifts the valve stem from its seat against a stronger valve
spring which then returns the valve sten to its seat. 1The
valve as tested with apparatus for precise measurements had-
an opening period of 0.0004 second at all operating speeds
and had a variation in time of opening of 0.00005 second at

750 cycles per minute. The mnvement of the top of the wvalve

stem was 0.004 inch. e e

This gas-sampling valve has been used to investigate
the GO0z content of gases taken from the quiescent combus-
tion chamber of a high-speed compression-ignition engine
when operating with two different nultiple-orifice fuel-in-
Jection nozzles. An snalysis cf the gas FH&nples thus ob~

tained shows that the state of guiescence in the combustion

chartber is nmaintained during the combustion of the fumel.

INTRODUCTICHN

Attenpts to follow the course of combustion in the
cylinder of the internal-combustion &ngine have been di-
rected along three gensral lines. One method is to calcu—
late the amounts of fuel required to be burned to maintain
the pressures shown on an indicator card. A second method
1s to follow the progress of the flame travel by any one
of several optical or electrical devices. The third mefth-
od is to follow the course of combustion by chemical anal~
ysis of samples of gas removed from the combustion chamber
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during e small tine interval of 1dentical phasing during
successive cycles. A series of guch sanples taken at 4dif-
ferent stages in the process of combustion makes it possi-
ble to follow the chemical changes taat take ;lace inside
the engine cyliander.

The field of application of gas sanrpling has boeen ex~-
tended by the increasing use of valve overlap for gcaveng-
ing the combustlon chanbers of four-stroke cycle fuel in-
Jection engines because, when operating with tuis type of
scavenging, the conventional conposite sample of gas taken
from the exhaust pipe would contain varying anounts of air
that had znot been involved in the comdbustion process.
Therefore, the analyses of samples of exhaust gases fronm a
scavenged ongine lose thelr significance and true sanples
of the gases involved in the combustilon process nay be obe-
tained only from the éngine cylinder.

The instrument used to procure suck sanples 1s cawnnone
ly known as a "sanpling valve." This device is a snall
stroboscopic valve that opens for a short periocod at corre-
sponding points in successive cycles to allow the renoval
of & snall portion of the cylinder contents adjacent to the
valve opening. Several sanpling valves have been designed
by different Ilnvestigators, that of Withrow, Lovell, and
Joyd, of General Motors (reference 1) bsing one of the best
known. A study of the available literature (referesnces 1
to 6) indicated that im the design of a gas-sanpling valvs,
the requirements most difficult to fulfill are that{ the
valve have a short open period and also conslstent phasing.

For purposes of design, 4° crank angle (or 0.0004 seec-
ond at 1,500 r.p.m.) was used as the desiravle value aof
the open pericd. The allowable variation of this period
or of the phasing was limited to 0.0001 second. In order
to keep this varilation in phasing at a minimum, there
should be as small a time interval. as posslble between tha
action that instigates the opening and the actual opening
of the valve, because, 1f this interval were large, rela-
tively emall variastions in it would cause unpermisslible
variations in phasing. The value decided upon for the stem
1ift was 0.006 inch. It was required that both the dura~
tion of opsning and the stem 1lift be adjustable, since
there was no way of knowing if the 1ift and period values
given above would be satisfactory. & required frequency sof
opening of 1,000 times per mlInuts was specified. Inasgmuch
as the valve was intended for use in several cylinder heads
in various positions, it would have to be extremely adapt-
able and the method of driving would have to allow these

gl
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changes in location without excessive altergtion of the
drive. : _—— . ; . :

This latter requirement of adaptability made electri-
cal operation seem desirable But it was found that opera-
tion with reasonable valuses of current would require too
long & period betwsen the action of the circuit breaker
and the action of the valve with sither direct or inertia
operation. Hydraulic operation was considered possibdle,
but trouble was anticipated from reflected pressure waves.
Direct mechanical operation was discarded because of ob-
vious difficulties in obtaining a short adjustable period
of opening and consistent action throughout the speed
range. — - .

The inertia method of mechanical operation appeared
to most nearly fulfill the requirements imposed but in-
stead of using an inertia force that varied with speed
(reference 1) and therefore varied the duration of opening,
it was decided to use an inertias force that remained con-
gstant for a particular adjustment and consequently gave the
same time duration of opening regardless of speed.

The use of the sampllng valve in conjunction with a
pressure gage as a pressure indicator was given some con-
sideration during the design of the apparatus and, although
the main purpose of the valve was the procurement of gas
samples, 1t was made sufficiently strong and tight to with-
stand combustion pressures.

The staff of the N.A.C.A. had completed the design
and had started the construction of the valve during 1931,
but it was not used for any investigation of combustion
until 1932.

DESCRIFPTION OF VALVE

As a2 result of the preliminary investigation, an in-
ertia or hammer-~operated mochanically driven valve was con-
structed. In this valve a definite amount of ensrgy is
utilized to set a mass in motion. When this mass strikes
a projection on the valve stem, the kinetic energy of the
mass is utilized in lifting the valve stem against the ac-
tilon of a spring. -

The method of operation may be seen from Figure 1. A
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cam and a tappet arm compress a spring, storing therein
protential energy. This spring, vpon release by the cam,
converts its potential erergy into kinetic energy of the
tappet arm, spring retainer, and otiaer parts. This group
strikes a nut on the valvec stcem, knocking the valve stem
off its seat. This movement is opposeéd by a stiff valve
spring which abscrbeg the energy 1in a very short travel and
then quickly returns the velve gtom to its seat.

Figure 2 shows two views of the assembled valve with-
out its driveshaft or piping connected. Figure 3 shows
the parts of the disassembled valve. The .following de-
gscription of some of these parts will serve to explain more
fully taseir construction and oreration.

Valve stom.- A ncedle type of valve was chosen in
preference to & poppsct velve, as experiments heve shown
some slight tendency for gas to start flowlng through the
neeodls type more guickly, because the movement of the need-
le valve asgsists the gas to overcome its inertla and starts
the gas moving in the right direction for gas sampling.

Valve spriag.- From gpace conslderations an oxtremoly
concentrated spring was desired with a high force and very
small deflection. These general characteristics weore ob-
tzined by mnsing a spring composed of "Belleville disks,"
walch aro dished spring-steel washers. Provision was made
for changing the force on this spring by a nut which can be
locked in position. The forco/weight ratio of the spring
and attondant parts indicates a theoretical acceleration of
thovalve stem of about 1200 g.

Cam spring.~ The cam spring w&s tTequired to have a
grcater rangc of adjustment, consequently of deflection,
than the valve spring in order that the amount of potential
encrgy stored in 1% could be varied for different oporating
counditions. Therefore, a helical spring formnd of compara-
tively large dliameter wire was uscd in order that the de-
sired speed of opcration could beattained. The force/
veight—ratio indicetes & thooreticszl acceleration of the
toppet—nTm when reoloeoased by the cam of about 600 g.

Cam.- An involute cawm, giving approximately equal
1ifts for. equal tlme lncrements, was deosizned to mipimize
the shocks on the driving mechanisnm by nllowing the load to
be applied grsdualiy. Proviglon was made for varying the
movemont of the follower by changing the ¢learance bestween
it and the cam by the insertion of shims under the follower.
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Both the cam and the follower were made reversible to an~
ticipate necessary changes in the direction of rotation
of the drive.

Digphragm.- A diaphragm was incorporated in the valve
to provide the gas seal instead of either the usual lapped
fit or packing gland, theredby eliminating trouble due to
friction in this fit caused either by the variations in
temperature or by deposited carbon. It also provides a
positive gas seal so that samples may b6 obtained wlth e-—
vacuated pipettes in addition to the use of mercury 4is-
placement. Pressure may dbe built up inside the valve dur-
ing its use as-a pressure indlcauor.

Cooling.- As it was desirable to stop combustion inm-
mediately after the ges pagsed the valve seat, a cooling
jacket was provided as close t0 the seat as possible. In-
timacy of contact between the gas and the cooled walls of
the valve was O0btained by causing the gas to pass in a thin
layer through & narrow annular passage. In additilon, the
internal volume was kept at & minimum to iancrease the ve-—
locity of flow through the valve and to decreasgse the dsad-
space. This volume, including the air fitting, was found
by displacement to be approximately 1.1 cm3. B

Method of driving.- 4 flexible shaft about 6 feet long
was used to connect the valve to the engine. The shaft was
of relatively large dlameter for the pover transmitted so
that the variations in deflection might be kept as small as
possible. 1In order to decrease the -torgue that it must’
transmit, the shaft was geared to run at its rated maximum
speed of 4,000 r.p.m. and on the vaelve a 4:1 geaf're&uction
was used. Incorporated in the gearing at the englne end
was an epicyclic-gear arrangerment to allow change of phas-
ing of the vazlve. An ecceantric to depress the rocker arm
so that the follower was clear of the cam was incorporated
as- a means of Bioepping the action of the valve without stop—
¥ing the drive,

Timing contact.~ An insulated tining contect was
mounted over the top of the valve stem to close an elec-
trical circuit at the instant the stem reached its maximum
1ift. This contact was used in conjunction with a Strobo-
rama and a scale on the engine flywhesl to determine the
phase -point of the valve opening. The contact was com—
pletely insulated from the valve to allow its use with no
danger of grounding either side of the circult to the on-
gine.
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DETERMINATION OF CHARACTERISTICS

The valve was subjected to 2 esries of tegis to check
its operation ard secure informstion concerning ite charac-
terigtics. These tests were made in part while the valve
was operated in connection with apparatus for precise meas~
urements of 1lift and duration of opening as shown in Figure
4, The other part of the testirg was done with the valve
mounted for normal operation on a single-cylinder compres-
gsion-ignition test engine as shown in Figure 5.

Duration of opening.~ Using the get-up shown 1n Flg-
ure 4, an electric notor was used to drive the sampling
valveé, Faranboro indicator recording unit, and contactor
mechanism for a Stroborama. A contact was attached to the
bottom of the valve so that it Jjust touched the valve sten
when it—was seated. This contact—was in series with the
contactor mechanism operating the Stroborama. The closing
of the circuit by the contactor would -canse the Stroborama
to flash unless the circuit was open at',the valve owlng to
the stem being off its seat. 1In this case the flash would
ocecur when it reseated, It is evident lhat no flaskh could
occur at any phase angle at which the stem was lifted.
This lntserval, during which the gtem was lifted, was de-~
termined by observation of the scale on the rotating Farn-
boro drum as illuiminated by these flasles,

Ae an approximate check, o0il under 100 pounds per
gquare inch presgsure was fed through the outlet fitting and
allowed to spray from the valve while running at normal
speed. The duration of this spray was determined with the
Stroborame. This method of checking the operation of the
valve, although less precise than the other, is usecd as a
routine check on account of its greater convenience.

With a particular adjustment the period as found by
the first method was 0.0004 second and asg determined by the
second method was slightly over half that value. Owing to
its inertia, the o0il is late in starting from the valve,
resulting in an effective pericd of less than the trus pe-
riod. There is no simple metkod of obtaining the effective
period for a gas but it should much more closely approxi-
mate the actual period than it does with oil, owing to the
lower inertia of the gas and the assistance given by tke
valve stem in starting flow into the valve.
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Lift.~ The use of a nicromecter screw at the top of
the ¥nlve sterr to close a circuit through a neon lamp al—
lowed the value of the 1ift to be frnund. The movenent of
the top of the sten was found to be O. 304 inch with the
particular adjustment used. e -

Paasing.- It 1s important that an indication be given
of the exact point at which the valve opens. For accurate
work this phase relation must not vary. As moentioned pre~.
viously, thie deternination of the phasing of the valve 1s
acconplished through the operation of a Stroborama by a
contact at the top of the valve. A narked flywheel is ile
luninated by the flash.: Much nore satisfactory indication
of the point of opening was obtained by the use of the
Stroborana than by relying on the closing of a simple cir-
cuit through a neon tube. In the Stroborama the slightest
contaet operates a tripping circuit which causes a bright
flash of a neon lanp, allowing n very positive deternina-~
tion of the position of the flywheel at the instant of con~
tact. Since this cohtact 1s made at the extrene of the
novenent of the top of the stem, it seemed advisable to
correlate it with the moveneant at the valve sesat. Again
the set~up shown in Figure 4 was used. The contact at the
botton of the sten, using thoe nethoed of the Farnboro in-
dicator, recorded by & spark to the drum the point at which
the stonm left its seat. The point cof maximun novenent of
the top of the sten was found by obserying-the scale on the
Farnboro drum by the flagires of the Stroboramna opserated by
the contact at the top of the ster. As & final checl, oil
was sprayed from the valve, as mentioned previously, and
the start deternined with the Stroborana.

Very close agreecnent between the three methods was
observed with the anticipated oxception that the start of
the oil spray was aprroxinately O. 0001 second later. The
phasing was found to be very coustant, the variation in
tine of openin: being 0.00005 second at 750 cycles peor nine
ute. This constancy of phasing was naintained even with
the flexible shaft drive, provided that sufficient care was
apserved in its operation. 'During the preceding work to de-
termine the duration and phasing, no irregularities of scat-
ins were observed and 1%t is believed that the steu soats acs
curately witlhh no obgervable bounce. ; -

Use of flexible ghaft.~ I. lizhtly loaded shafts which
have couasidoerable curvature, as ian t:kls case, the torsioral
defloction between the euds owing to the friction of the l
casins is soveral tirmes the defloction cgused by the load
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Thig deflection varies greatly as the shaft 13 shifted
slightly in position. TFhase irregularitles from this
cause as great as 109 to 15° have been observed. After
the position of the shaft hed been determined for any
installation, it was mefessary to wire 1t in position

so that no oscillation or weaving was possible. ILike-~
wige, the lubrication of the shaft was found to be very
importaat and for this reason the casing was kept thor-
oxguly packed with petrolatum. It was also observed
that the phasing changed during the first few minutes

of running because of increasing deflec*ion of the shaft.
The instrument was always run for a sufficient time,
taerefore, for this deflection to become congtant before
cbservations were started.

Freguency of operation.- The maximum speed &t which
the apparatus may be operated is dependent upon the maxi-
mum permissible speed of the flexible shaft which limits
the operation to 1,000 cycles per minute., The paximum
speed of the valve itself is above this value.

_ Limiting valnes of -11ft and durgtion.- There are
‘several ways of changing ‘the period and stem 1ift of the
valve. Although variation of one affects the other, there

is sufficient indepwndence so that for any particular valune
of the period a range of values for the 1ift may be obtained.

! : ;

The perYod may be varied from no opening to an open-
ins of 0.001 second. 1Inertia of ‘the gas would prevent any
flow if the period wers too short. Accuracy would be sace-
rificed 1f the period werse tooc long. The -value used 1is
the shortest period in vhich a 200 cm® sample may be ob-
tained in the satisfactory time of approximately one minute.
The 1ift and period are constant regardliess of englne speed,
the poriod being a tonstant longth of time and not a con-
stant number of engine degrces.

Pumping action.- Thée action of the valve was found to
assgisgt the flow of gas. With the valveo operating in a
chamber open to the atmosphere, & p¥Fesdire was -built up on
a manometer conmetted to the gas outlet. The pressure
varied with the period used and was observed betveen 1 inch
and 2 inches of mercury. This pudping action assists in
procuring the sample, pertlcularly at lov pressurocs. It 1s
believed that a pumping characieristic of thls nature 1s in-
herent in extremely short-period conlcal geat valves.
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Very consistent results have been obtained in. Qrelim—
inary work with the valve as an indicator but a study of
the magnitude and other characteristics of the correction
due to pumping is necessary before the valve mdy be uaséd
for indicating true pressures in the combustion chamber,

ENGINE TESTS

The first engine tests of the gas-sampling valve were
made for the purpose of testing the device for satisfacfo-
ty operation wWhen exposed to the heat of the engine and to
test the efficacy of the cooling Jacket.

The opéeration of the valve was entirely satisfactory
during this and all subsequent tests to date. The valve
was phased to 6pen during combustion as showa dy fthe pres-
sure rise on an indicator card, The firet samples were
teken with CO, as a cooling medium and the cooling was
sufficient to cause frost to form on the valve to within
one~elighth inch of the cylinder Head. The second set of
samples was taken with a sufficient flow of water through
the cooling Jjacket to maintain the external tempsrature of
the valve somewhat below room temperature. As an analysgis
which was then made of the two sets of samples showed the
same percentage of CO, in both of them, it was concluded
that water cooling was as effsctive as the more exXpensive
€0z cooling, All subsequent tests have been made with
water cooling, - : -

In the course of taking a series of samples, it has
been made part of the routine to go back to a previous
phase point and take at least one check sample in each se-
riegs of six samples. In every case the analysis of the
two samples has shown a satisfactory agreement,

Tests wers made %o determine whether or not the con-
tents of the gquiescent combiistion chamber (reférence 7)
maintained their guiescent condition during combustion,
Two series of ten samples sach weré taken with the valve
located in the middle hole of N.A.C.A, No. 4 cylinder head.
The first seriss was taken while using the standard 6-ori-
fice fuel-~injection nozzle and the sscénd while using a
nozzle with only two orifices, all other engine conditions
being the same. Figure 6 indicates the arrangement of the
sprays from the two nozzles and shows the results of the
chemical analyeis of the samples,
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In the first serieés the increass of 00z is shown to
be almost coincident 'with the ‘rise of pressure in the
cylinder. -The @nszlysis of the second series of samples
showed absolutely no €0; although the indicator cards
showed a riss in pressure quite similar to that obtalned
in the first series.

It has been suggested that the low flnal percentage
of €Oz may be due to the gas-sampling valve removing such
-a minute quantity that samples are ‘obtained of only the
inert exterior layer. This suggestion does not seem rea-
sonable for, if a stagnant layer of gas of any appreciabie
thickness adherel .toc the combustion~chamber walls, it '
would eventually contain residual €Oz which would be de-—
tected in the samples throughout the entire c¢ycle. The
authors prefer to attribute the low final percentage of
.00z to the fact that the fuel injected was 1less than full-
load fuel quantity &nd that the sampling valve was locat-
ed iIn a region supplied with insufficdieht fuel to produce
a greater quantity of COz than was shown by the anaiyses.

The results of these tests indicate that the quiescent
conmbusgtion chamber maintains 1ts state of guiescence ef-
fectively even during 'the combustion of the fuel. There-
fore, with this type of. combustlon chamber the amount of
fuel that-.can be completely burmned will depend upon the de-
sign of the.fuel-injection nozzle and the thoroughness
with which 1t distributes thé fuel to the air 4n the dif-
ferent parts of the combustion chamber. .

To date the valve has had over 50 hours of use. No
trouble ‘or excessive wear of any sort has developed other
than occasional cracks in- the diaphragm.

These preliminary.tvkts have shown that the N.4.C.A,
£ag-samplling valve wlll glve consistent and seatisfactory
service in removing composite ssaples of gas from a point
in the combustion-chamber of an internal combustion enginse
at a particular phase point of the sngine cycle. The &a-
mlysis of sanples obtained in this way nmay lead to a bet--
.ter understanding of the. -process of conbustion in a conm-
pression—ignition engine. B ] . .

Langley Menorial Aeronautical Laboratory, C
National Advisory Comnitted for Aerdnaut{cs,”
Langley Field, Va., March 14, 1933.
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Figure 1.-Schematic diagram of N.A.C.A. gas-sampling velve.
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Figure 2.-N.A.C.A. gas-sampling valve (assembled).
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Figure 3.-N.A.C.A.

gas-gampling valve

(disassembled).
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Figure 5.-Engine installation of N.A.C.A. gas-sempling valve.
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